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Selenium-substituted nucleoside and nucleotide analogues are well-established, 1, 2 and their utility as antiviral 3 or antimicrobial agents, 4 in DNA labeling, mechanistic studies and in structural biology 5, 6 has led to considerable interest in novel methods for their efficient synthesis. Typically, such analogues involve chalcogen substitution of the nucleobase 7, 8 or sugar [9] [10] [11] moieties. Less frequently, selenium has been introduced within an internucleotide phosphate diester moiety as a replacement for either a non-bridging [12] [13] [14] or a 5′-bridging 15 oxygen atom. In the former case, the resultant phosphoroselenoates were sufficiently stable to enable multi-wavelength anomalous dispersion phasing, however, the diastereomers were found to degrade upon storage. 13 To the best of our knowledge, only a single description of the preparation of an internucleoside phosphoroselenolate linkage has been published following bromide displacement by a phosphoroselenoate diester. 15 However, characterisation of the material (and subsequent deprotection products) relied solely upon mass spectrum and 31 P NMR data (vide infra). Sekine and Hata also described an efficient Se-alkylation following in situ hydrolysis of a per-silylated nucleoside phosphoroselenoate monoester in the presence of ethyl bromide. 16 In the same communication, these authors described a near quantitative Michaelis-Arbuzov (M-A) reaction of a nucleoside 5′-bis(trimethylsilyl)phosphite with diphenyl diselenide, but hydrolytic desilylation to the corresponding Se-phenyl phosphoroselenolate diester was accompanied by P-SeAr bond scission. However, M-A chemistry is not supported by dialkyl (as opposed to diaryl) diselenides and to address this issue, Yan and co-workers recently described the application of Se-(2-cyanoethyl)phthalimide to the efficient preparation of an internucleoside phosphoroselenolate triester. 17 Despite the greater accessibility of alkyl selenocyanates 18 compared with selenophthalimides and the demonstrated reactivity of the SeCN functionality with low oxidation state phosphorus nucleophiles, 19-22 the M-A reactions of nucleoside selenocyanate substrates have not, to the best of our knowledge been reported previously. Herein, we demonstrate the high efficiency of such chemistry under solution-phase conditions and its application to the synthesis of the first, fully-characterised, internucleoside phosphoroselenolate linkage. The nucleoside H-phosphonate monoester substrate for the M-A reaction (1, Scheme 1) was readily prepared by hydrolysis of the corresponding phosphoramidite in the presence of a mild activator (5-(ethylthio)-1H-tetrazole) under literature conditions. 23 Selenocyanates (2a, 2b) were prepared in a ball mill. 24 Previously, M-A reactions using substrates such as 1 have been performed using a two-step procedure: 23, 25 H-phosphonate diester silylation / activation followed by M-A reaction with a chalcogen electrophile. However, in the presence of a large excess (typically 14 equiv) of the neutral silylating agent N,O-bis(trimethylsilyl)acetamide (BTMSA), we observed ca. 25% of a 31 P NMR signal (δP ~120) associated with the bissilylated (decyanoethylated) phosphite (prepared independently from the corresponding 3′-H-phosphonate monoester). Although this side-product reacted with high efficiency to give the corresponding silylated phosphoroselenolate diester, subsequent deprotection and isolation of pure products was complicated by rapid detritylation of the anionic diester during hydrolytic removal of the TMS functional group. In contrast, negligible levels of the decyanoethylated products were observed in the 31 P NMR spectrum of the reaction mixture using two equivalents of BTMSA and a mild base in the presence of benzylselenocyanate. Under such conditions, 99% consumption of 1 (δP 6.7) was found within 30 minutes ( Figure  1) . No downfield resonances associated with P(III) intermediates were observed and ca. 90% of the product peaks were associated with the diastereoisomeric phosphoroselenolate triester 3a (δP 20.72 and 20.87) accompanied by satellite peaks due to coupling with 77 Se ( 1 JPSe = 524 Hz). The crude product could be isolated essentially free from contaminating phosphoruscontaining materials following extraction and precipitation from hexane. In our hands, removal of both cyanoethyl and trityl protecting functional groups required rapid isolation in order to achieve clean products by 31 P NMR. Thus, volatile base and acid reagents were used to unmask the phosphate diester and 5′-hydroxyl moieties respectively. Specifically, upon treatment with 10% t-butylamine in pyridine, 26 decyanoethylation of 3a was complete within 30 minutes at room temperature and the phosphoroselenolate diester was isolated following precipitation.
31 P NMR analysis showed a single product peak at δP 11.16 with the expected satellite peaks associated with 77 Se coupling ( 1 JPSe = 400 Hz). As found during the M-A reaction, storage as a solution in the absence of base resulted in detritylation as indicated by the emergence of further peaks downfield shifted by ca. 0.1 ppm. Isolation of the fully detritylated product (4a) was expedited using chemistry developed for the deprotection of boranophosphates: 27 treatment of a solution of the precipitated phosphoroselenolate diester with 1% (v/v) trifluoroacetic acid in the presence of the carbenium ion scavenger triethylsilane gave complete detritylation within ten minutes (by TLC). Subsequently, crystallisation was observed although a considerable fraction of the product also remained in solution and therefore pure 4a was isolated as a hygroscopic salt (with a mixture of pyridinium and t-butylammonium counter ions) by precipitation. The poor recovery (39%) reflected the surprising solubility of 4a in the precipitating solvents (hexane / ether). We subsequently applied this chemistry to the preparation of the internucleoside phosphoroselenolate linkage with only minor modification. In order to maintain the nucleoside 5′-selenocyanate (2b) in solution, persilylation of this compound required a larger excess of BTMSA (5.0 equiv). Essentially complete consumption of 1 was again observed within 30 minutes in the presence of 2,6-lutidine and the phosphoroselenolate triester (3b) isolated by precipitation. Deprotection of 3b yielded the corresponding detritylated diester TpSedT (4b) as a hygroscopic salt in 58% yield. We note that both phosphoroselenolate diesters (4a and 4b) appeared stable towards both oxidation and hydrolysis by 31 P NMR during these manipulations and no degradation of 4b was observed upon storage in D2O for 12 hours under ambient conditions. More extensive investigations of the lability of internucleotide phosphoroselenolates are ongoing. 1 JPSe = 336 Hz) 28 and an earlier study of the relationship of the magnitude of the P-Se coupling constant and bond order 29 supports our assignment. In summary, we have demonstrated that the reactions of a nucleoside H-phosphonate diester with alkyl selenocyanates in the presence of a mild base and neutral silylating agent proceeded rapidly and cleanly to give the corresponding phosphoroselenolate triesters. By developing expeditious deprotection protocols, we have been able to isolate and provide, for the first time, full characterisation for an internucleoside phosphoroselenolate diester. Finally, Hackenburger has elegantly demonstrated the potential of bio-orthogonal "phosphorus click" reactions using azido-modified proteins 30 and P(III)-derivatised labelling agents and we note the potential to develop related chemistry based upon selenocyanate-modified biomolecules and suitable phosphites. 
Figure 1
31 P NMR spectrum of the crude reaction mixture of thymidine H-phosphonate (1) with benzylselenocyanate (2a) in the presence of BTMSA (2 equiv) and 2,6-lutidine (10 equiv) after 30 minutes. 
